We developed methods for measuring inflammatory biomarkers (cytokines, chemokines, and metalloproteinases) in synovial biopsy specimens from patients with rheumatoid arthritis (RA) and osteoarthritis (OA). Soluble extracts of synovial fragments were prepared with mild detergent and analyzed by enzyme-linked immunosorbent assay (ELISA) for interleukin 1␤ (IL-1␤), IL-6, IL-8, tumor necrosis factor alpha (TNF-␣), and matrix metalloproteinase 3. The optimal detergent was 0.1% Igepal CA-630, which interfered minimally with ELISA detection but extracted 80% of IL-6 from synovial tissue. Upon spiking, 81 to 107% of added biomarkers could be recovered. To determine within-tissue variability, multiple biopsy specimens from each RA synovial extract were analyzed individually. A resulting coefficient of variation of 35 to 62% indicated that six biopsy specimens per synovial extract would result in a sampling error of <25%. Preliminary power analysis suggested that 8 to 15 patients per group would suffice to observe a threefold difference before and after treatment in a serial biopsy clinical study. The previously described significant differences in IL-1␤, IL-6, IL-8, and TNF-␣ levels between RA and OA could be detected, thereby validating the use of synovial extracts for biomarker analysis in arthritis. These methods allow monitoring of biomarker protein levels in synovial tissue and could potentially be applied to early-phase clinical trials to provide a preliminary estimate of drug efficacy.
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by synovial membrane hyperplasia with invasion and destruction of cartilage and bone (reviewed in ref- erence 13) . While no definitive biological marker exists for the diagnosis and prognosis of RA, the levels of biomarkers such as cytokines, chemokines, and metalloproteinases can potentially reflect the inflammatory state in joints. Several studies have addressed the feasibility of biomarker analysis in serum and synovial fluids in arthritis (reviewed in references 17 and 24) . Because the synovial membrane is the main site of inflammation in RA, however, there is a need for direct analysis of cytokines, chemokines, and metalloproteinases in synovial tissue. For instance, synovial biopsy specimens have been analyzed by immunohistochemical methods (for examples, see references 3, 5, 10, 20, and 22) . These techniques allow identification of regional differences within the synovial membrane as well as the cellular source. However, the detection system is nonlinear and requires semiquantitative scoring systems or image analysis to estimate the relative level of expression (cf. references 9 and 20) . Absolute quantification over a wide concentration range and determination of normalized protein expression levels cannot be achieved with these techniques.
To identify alternative methods that allow more precise and accurate determination of biomarker levels, we developed techniques to extract synovial biopsy specimens for enzymelinked immunosorbent assay (ELISA) determination of the levels of cytokines (tumor necrosis factor alpha [TNF-␣], interleukin 1␤ , and IL-6), a chemokine (IL-8), and a matrix metalloproteinase (matrix metalloproteinase 3 , also known as stromelysin-1). These techniques were optimized with regard to the choice of detergent. Tissues from RA and osteoarthritis (OA) patients were compared to validate the assays, and they confirmed previously reported findings of differences in biomarker levels. This is the first report in which solid-phase immunoassays have been optimized to quantify biomarkers in extracts of articular samples. These methods could potentially be applied to synovial biopsy specimens obtained in early clinical trials and yield important information about the mechanism of action and efficacy of novel therapeutic agents.
MATERIALS AND METHODS
Synovial tissue. Hip or knee synovial tissue was collected at the time of joint replacement surgery from patients diagnosed with RA (n ϭ 10) or OA (n ϭ 15) after obtaining informed consent and University of California-San Diego Institutional Review Board approval. The tissue was immediately placed on ice and transported to the laboratory. Synovial membrane fragments (size, 1 to 2 mm 2 ) were excised with a fine scalpel, placed in microcentrifuge tubes, and snap-frozen in liquid nitrogen. Samples were stored at Ϫ80°C until the time of extraction with detergent. The size of these fragments is representative of the amount that is obtained by needle or arthroscopic biopsy. For experiments designed to compare extraction efficiency of various detergents, larger portions of joint tissue (up to 1 cm 3 ) were pulverized in a liquid nitrogen-chilled Plattner's mortar (Fisher Scientific, Pittsburgh, Pa.) and stored in powder form at Ϫ80°C.
Preparation of synovial extracts. Frozen synovial fragments or aliquots of pulverized tissue were weighed and immediately placed in chilled Kontes-Duall tissue grinders with a 1-ml capacity (Fisher). Ice-cold extracting buffer, consisting of 0.1% Igepal CA-630 nonionic detergent (Sigma, St. Louis, Mo.) in phosphatebuffered saline (PBS) with added protease inhibitor cocktail (Complete Mini; Roche Applied Science, Indianapolis, Ind.), was then added at a rate of 50 l per 10 mg of tissue. The mixture was ground by hand on ice until only fibrous white insoluble connective tissue remained. After incubating the mixture for at least 10 min on ice, it was transferred to a microcentrifuge tube and centrifuged for 10 min at 20,000 ϫ g at 4°C. The resulting supernatant was divided into aliquots and stored at Ϫ80°C for later analysis. The total protein content in extracts diluted 1:10 in distilled water was determined with DC protein assay reagents (Bio-Rad Laboratories, Hercules, Calif.). In some experiments, alternative extraction buffers containing various concentrations of Igepal CA-630 (0.03 to 1% Igepal) or Triton X-100 (0.075 to 0.25%) were used.
ELISAs. Colorimetric ELISA kits were used to detect the following biomarkers: human IL-1␤, IL-8, and TNF-␣ (R&D Systems, Minneapolis, Minn.); IL-6 (Pierce Endogen, Rockford, Ill.); and MMP-3 (Amersham-Pharmacia, Piscataway, N.J.). The IL-1␤ and TNF-␣ ELISA procedures contain a signal amplification step to enhance sensitivity (Quantikine HS). Except for the MMP-3 kit, none of these kits had previously been validated for use with tissue extracts according to the manufacturers. Before assaying, synovial extracts were always diluted at least 1:10 in the recommended kit diluent, and in some cases, extracts had to be reassayed at a higher dilution (typically 1:30) to allow detection. Standard solutions of various concentrations were also prepared in 10% extracting buffer. Although a sample volume of 200 l was recommended for some kits, we found that reducing the sample volume to 100 l did not negatively affect the performance of these assays. Absorbance values were determined with a GENios plate reader (Tecan, Inc., Durham, N.C.), and concentrations in samples were determined by regression line curve fitting on log-log standard results.
Western blotting. Aliquots of pulverized synovial tissue or insoluble material remaining after extraction with 0.1% Igepal were extracted with radioimmunoprecipitation assay (RIPA) buffer (0.1% sodium dodecyl sulfate, 0.5% deoxycholic acid, 1% Igepal, 150 mM NaCl, and 50 mM Tris-HCl [pH 8]; Sigma). The resulting lysate (150 g of protein/lane from whole tissue or the corresponding amount of tissue for Igepal-extracted material) was boiled in reducing sample buffer (Bio-Rad), fractionated on Tris-glycine-buffered 15% sodium dodecyl sulfate-polyacrylamide gels, and transferred to nitrocellulose membranes. After blocking with 5% nonfat milk (Bio-Rad) in Tris-buffered saline containing 0.1% Tween 20 (Fisher), membranes were incubated first with primary antibody to goat anti-human IL-6 (1:500; R&D Systems) or goat anti-human ␤-actin VOL. 10, 2003 ELISA MEASUREMENT OF BIOMARKERS IN SYNOVIAL EXTRACTSpost hoc test. The within-tissue coefficient of variation (CV) was calculated as the standard deviation expressed as a percentage of the mean value. Power analysis was used to determine the sampling error and number of biopsy specimens required per tissue as well as to provide a preliminary estimate of the required number of subjects needed per treatment group. Differences between biomarker levels in RA and OA synovial extracts were examined by Student's t test, using log-transformed data to obtain homogeneity of variance. For correlation analysis, Pearson product-moment correlation coefficients were determined, and significance was determined after correction for multiple comparisons.
RESULTS

Effect of detergent concentration.
To identify an extraction buffer that would only minimally interfere with ELISA detection of cytokines, assays of IL-6 and TNF-␣ standards were performed with various buffers containing various detergent concentrations and diluted 1:10 with kit diluent as described in Materials and Methods. IL-6 was readily detectable under all conditions (Fig. 1) . On the other hand, detection of TNF-␣ was inhibited by 1% Igepal and 0.25% Triton X-100. Lower detergent concentrations allowed detection of TNF-␣ within about 80% of the value observed with the standard diluent plus PBS alone (Fig. 1) . Full standard curves for IL-1␤, IL-6, IL-8, MMP-3, and TNF-␣ were then generated in the presence of extraction buffer diluted 1:10 and containing 0.1% Igepal. As the data in Table 1 indicate, all assays tolerated these conditions well. The average signal strength for a range of standard concentrations was approximately 100% for all, except TNF-␣, for which some minor interference could again be detected.
The linearity of detection was nearly perfect, and the coefficients of determination (r 2 ) were always greater than 0.99 (Table 1 ). These results demonstrate that the optimized extraction buffer (0.1% Igepal in PBS with protease inhibitors) minimally interferes with the detection of biomarkers in solidphase immunoassays.
Ability of 0.1% Igepal to extract cytokines. While 0.1% Igepal allowed detection of biomarkers without significant interference, it is possible that the concentration might be too low for efficient tissue extraction. In preliminary studies, IL-6 was always readily detectable in RA extracts. Therefore, buffers containing various detergent concentrations were used to extract aliquots of pulverized RA synovial tissue, and the extract content of IL-6 was determined by ELISA. As shown in Fig. 2 , 0.1% Igepal extracted amounts of IL-6 comparable to those extracted by 1% Igepal and 0.25% Triton X-100. A lower concentration of Igepal did not remove significantly more IL-6 than PBS alone.
To estimate the percentage of IL-6 that was extracted by 0.1% Igepal, similar amounts of pulverized RA synovial tissue were either extracted with RIPA buffer or first incubated with 0.1% Igepal and then the insoluble pellet was reextracted with RIPA buffer. The resulting lysates were then evaluated by Western blot analysis. Figure 3 shows that only about 20% of IL-6 and total tissue protein remained in the insoluble pellet following extraction with 0.1% Igepal, whereas about half of the more-insoluble ␤-actin remained. Hence, even though The resulting mixtures were assayed by ELISA along with solutions of biomarkers at the same concentrations but without synovial extracts. All spiked biomarkers were readily recovered, whether they were added at the beginning of the extraction procedure (82 to 94% recovery) or to the final extracts (81 to 107% recovery) (Fig. 4) . No differences were observed between RA and OA extracts in this regard, and the recovery of spiked biomarkers was of equal magnitude whether baseline levels in extracts were high or low (data not shown).
Within-tissue variability of biomarker content and power analysis. Regional differences in biomarker production have been noted in RA synovial extracts with a variety of techniques. However, the magnitude of intrasynovial variation is not well defined. Therefore, multiple synovial tissue fragments (1 to 2 mm 2 ) from each of five RA patients were individually extracted and subjected to total protein determination and ELISA. IL-1␤, IL-6, IL-8, and MMP-3 were readily detectable (Fig. 5a to d, respectively) ; TNF-␣ was only detected in 4 of 15 extracts, thereby precluding determination of the intratissue CV for this biomarker. CV analysis for the remaining markers (Table 2 ) indicated that IL-1␤ and IL-6 levels varied the most within tissues, whereas IL-8 varied the least. No difference was observed whether data were expressed as the concentration in the extracts (i.e., normalized to wet weight, since a fixed volume of extraction buffer was added per milligram of tissue) or as the biomarker amount normalized to the total protein content in the extracts (Table 2 ). Power analysis indicated that a CV of 62%, as determined for the most variable markers, IL-1␤ and IL-6, yielded approximate sampling errors of 25 and 21%, respectively, if six or nine biopsy specimens were pooled and analyzed together. Also, if two joints were biopsied, a CV of 62% (as determined for IL-1␤ and IL-6, the most variable markers) would allow detection of a threefold difference between joints in extracts from six pooled biopsy specimens or a twofold difference in nine pooled biopsy specimens.
This data set was also used to yield a preliminary estimate of the patient group size needed to conduct a clinical study of synovial biomarker content following treatment with placebo or drug (two treatment groups). A paired design was assumed wherein a study subject would be biopsied before and immediately following treatment. To detect a threefold difference in change scores between treatment groups at a one-sided ␣-level of 0.05, a group size of 8 to 15 patients would be required, depending on the biomarker of interest.
Biomarker levels in RA and OA synovial extracts. Earlier studies have demonstrated significant differences between RA and OA synovial extracts in terms of biomarker content. To determine whether our techniques would yield similar results (which would serve to validate our approach), synovial tissue fragments from joints of 10 RA and 15 OA patients were extracted and subjected to ELISA. The results are shown in Fig. 6 and are expressed as amounts of biomarker per milligram of total protein. The protein contents in RA and OA synovial extracts were 10.1 Ϯ 1.5 and 7.1 Ϯ 0.9 mg of protein/ ml, respectively, and were not significantly different. IL-1␤ and IL-6 were present in all RA tissues and most OA tissues, and they were significantly elevated in RA compared to OA. IL-8 was found in all RA tissues but only in one OA tissue. All RA and OA tissues contained MMP-3, and there was a trend toward greater amounts in RA tissues, although no significant difference was found. Levels of TNF-␣ were generally low; only 50% of RA tissues and none of the OA tissues contained detectable levels.
To determine whether biomarker levels in RA synovial tissue were related to each other, correlation analysis was performed with data from individually extracted RA synovial fragments (n ϭ 21). Significant correlations were observed for IL-1␤ versus IL-8 (r ϭ 0.84), IL-1␤ versus MMP-3 (r ϭ 0.70), and IL-8 versus MMP-3 (r ϭ 0.72). Neither IL-6 nor TNF-␣ levels correlated to any other of the biomarkers studied.
DISCUSSION
We have evaluated the use of ELISAs to determine the levels of biomarkers such as cytokines, chemokines, and matrix metalloproteinases in soluble extracts of synovial biopsy specimens obtained from patients with RA. Mild extraction conditions, including mechanical disruption in a low detergent concentration, were chosen, since they were expected to expose the antigens and minimize aggregation while preserving capture and detection by sandwich ELISA. Our results demonstrate the feasibility of this approach and indicate that the described methods are applicable to studies of synovial extracts. For instance, the optimized detergent condition (0.1% Igepal, diluted 1:10 before ELISA) did not interfere substantially with the detection of biomarkers but allowed extraction of synovial tissue to the same extent as that obtained under harsher detergent conditions. In addition, the recovery of spiked IL-1␤, IL-6, IL-8, TNF-␣, and MMP-3 was greater than 80%, indicating the absence of any constituents that hinder detection of biomarkers by ELISA. Finally, studies of withinjoint variability of biomarker levels with samples that are the same size as standard biopsy specimens indicate that the evaluation of six to nine individual biopsy specimens per joint would reduce the sampling error to about 20%. Because blind needle and arthroscopy procedures routinely obtain 15 or more biopsy specimens per joint (cf. reference 20), the dedication of 6 to 9 biopsy specimens to biomarker analysis is feasible and offers an adequate reflection of the cytokinechemokine-matrix metalloproteinase milieu in the intact synovial tissue. Interestingly, a similar number of individual biopsy specimens was deemed appropriate in studies of sampling error in immunohistochemical analysis of cytokine expression in synovial tissue (9) .
Five different biomarkers were selected to reflect the inflammatory environment in RA: TNF-␣, IL-1␤, IL-6, IL-8, and the matrix metalloproteinase MMP-3. TNF-␣, IL-1␤, and IL-6 are known to be key cytokines that contribute to inflammation in RA, and therapies targeting these cytokines have had considerable clinical success (2, 4, 6) . The main source of TNF-␣ and IL-1␤ is synovial macrophage-like cells, whereas IL-6 is produced by synovial fibroblasts and, to a lesser extent, macrophages (11). IL-8, also known as CXCL8, was the first chemokine characterized in RA synovial fluid and is produced by synovial macrophages and fibroblasts (1, 15) . MMP-3, along with MMP-1, is a synovial lining-derived protease that participates in the destruction of bone and cartilage in RA (reviewed in reference 13). Naturally, the methods described herein could be applied to many other types of biomarkers as well as other tissues, provided that they are present in sufficient amounts and that available ELISA reagents permit the use of the chosen detergent. To validate this novel approach for biomarker quantification in synovial tissue, we used the optimized methods to determine whether previously described differences in biomarker expression between RA and OA synovial tissue could be replicated. Previous studies demonstrated that synovial fluid from RA patients contains higher levels of IL-1␤ (23), IL-6 (14), IL-8 (15) , and TNF-␣ (21) than synovial fluid from OA patients. When analyzed by immunohistochemistry, a higher number of cells in RA synovial tissue express IL-1␤, IL-6, TNF-␣ (10), and IL-8 (7) than in OA synovial tissue. Similar results were obtained in the present study, with statistically significant differences observed between RA and OA synovial extracts for IL-1␤, IL-6, IL-8, and TNF-␣. Of note, TNF-␣ was only detected in 50% of the RA synovia and in none of the OA tissues. Similar findings were reported for synovial fluid and synovial tissue with a variety of techniques (19, 21, 22) . A trend toward higher levels of MMP-3 was also observed in RA. Previous studies indicate that matrix metalloproteinase protein and gene expression are generally higher in RA than OA (3, 12, 18) . The observed correlations between IL-1␤, MMP-3, and IL-8 levels may reflect the fact that IL-1␤ induces expression of both MMP-3 (16) and IL-8 (8) in synovial cells.
The techniques described in the present study could potentially be used to evaluate new therapeutic agents for arthritis. Currently, clinical trials with RA generally must enroll large numbers of patients to demonstrate meaningful changes in clinical parameters. Such trials can be very costly, and patient enrollment (often several hundred are required) can be challenging. In addition, many of the novel therapeutics moving into clinical trials have as their target specific immunopathological pathways (such as inhibitors of cytokines, leukocyte accumulation, or destructive proteases). Traditional assessments of therapeutic efficacy for RA do not provide information regarding the influence of new agents on the specific pathway that they were designed to modify. Using biomarker analysis of synovial biopsy specimens, the effect on a specific mediator can be studied more directly. Therefore, a novel paradigm for the clinical testing of novel therapeutic entities can be envisioned in which early-phase clinical trials can provide preliminary efficacy information by using biomarkers to facilitate decisions regarding more extensive studies. Synovial biopsy specimens can be obtained from a relatively small number of patients and used to quantify biomarkers of inflammation, joint destruction, and drug action. To minimize patientto-patient variability and increase the statistical power of the study, serial synovial biopsy specimens should be evaluated. The number of patients per group required for such studies was estimated to be around 10, depending on the biomarker used. In comparison, recent clinical studies of the efficacy of biological agents inhibiting TNF-␣ enrolled more than 80 patients in each treatment group (6) .
In conclusion, we developed and optimized techniques by which biomarkers of inflammation and joint destruction can easily be quantified in synovial biopsy tissue extracts by using readily available ELISA reagents. Observed differences between RA and OA synovial tissue reflect earlier findings from other approaches. While we do not propose the utilization of these methods for the purpose of diagnosis and prognosis of the course of arthritis, they have the potential to add substantial information to facilitate the evaluation of novel therapeutic agents.
